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Mesoproous silicates (MPS) are  attractive materials for the immobilisation of enzymes. They possess 5 
ordered pore structures, narrow pore size distributions, large surface areas, high stability and can be 
chemically modified with various functional groups. The properties of MPS materials are reviewed in 
terms of their ability to act as supports for enzymes for use in biocatalysis with a particular focus on the 
ability to tailor the surface functionalization of the MPS to suit a specific enzyme. While many reports of 
the immobilisation of enzymes on MPS have been described, their use as biocatalytic supports is limited. 10 
Large scale reactors based on MPS will require continuous flow systems where the properties of the 
support can be tailored while allowing fluid flow at reasonable low pressure.
1. Introduction 
 The immobilization of enzymes has been extensively studied 
since the successful immobilization of invertase almost a century 15 
ago1. Immobilisation has a number of advantages which include 
enhanced stability, ease of separation and the ability to utilize the 
enzyme in solutions where the enzyme is insoluble2. 
Disadvantages include lowered activity and additional costs 
associated with the immobilization process. The successful 20 
immobilisation of an enzyme on a support requires that the 
structure of the enzyme should not be perturbed in a manner 
which significantly reduces the activity of the enzyme while 
diffusion of substrate/product to and from the active site should 
not be hindered2.  25 
 Typically, enzyme immobilization on solid supports is 
performed through physisorption or chemical modification2, 3. 
Such processes generally occur in an unselective manner with 
poor control of the orientation of the enzyme on the surface of the 
support.   With the former, the process is relatively easy to 30 
perform though possessing the concomitant problem of leaching 
from the support. With the latter, this disadvantage is obviated 
through the covalent linkage of the enzyme to the support but 
may result in significantly reduced activity, particularly if the 
covalent linkages are at a site adjacent to or at the active site of 35 
the enzyme. Spatial resolution4 of enzyme immobilization, where 
the enzyme is immobilised at specific locations on a surface, is in 
general limited to defining small areas such as the surfaces of 
nanoparticles which are then utilized as enzyme carriers.2 
Typically the entire surface area of the particle is utilized and 40 
often multilayer adsorption can occur.  
 The immobilisation of enzymes has been extensively studied 
for applications in biocatalysis2, 5-7, biosensor8 and biofuel cells. 9, 
10An early example of enzyme immobilisation is that of glucose 
oxidase on a membrane support which was successfully 45 
developed as biosensor for clinical use11. A wide range of 
immobilised enzymes has been used for applications in 
biocatalysis 2, 3, 5, 6, 12 while more recently, the use of immobilised 
enzymes in biofuel cells has attracted significant interest in the 
development of implantable self-powered medical devices9.   50 
 While a wide range of methods are available for the 
immobilisation of enzymes2, it is essential to note that the actual 
immobilisation process used for each enzyme is unique and 
depends on the specific enzyme and support used3. As a result, 
the development of immobilised enzymes has been reliant on trial 55 
and error experimental approaches. In such approaches, a wide 
range of materials has been used and include polymeric supports, 
metallic and glass surfaces, colloidal supports and powdered 
materials2. Porous supports have received significant attention 
arising from the high surface areas of these materials together 60 
with their ability to encapsulate enzymes within the pores to 
provide a more stable environment in comparison to that at a 
planar surface. This review focusses on one particular type of 
porous support, mesoporous silicate materials. The general 
physical properties of porous materials will first be discussed, 65 
prior to focussing on the properties of porous silicates.   
2. Porous Materials: Definitions and Methods of 
Characterisation 
Porous supports are of widespread use as supports for catalysts13. 
The high surface areas of porous materials make them ideal 70 
materials as supports for catalysts. An ideal support for a catalyst 
is one where the rate of the catalysed reaction is directly 
proportional to the surface area available. Implicit in such a 
system is that there are no mass transport limitations of the 
reactant to the catalytically active site, nor of diffusion of product 75 
away from the active site to the external environment. In addition 
to the surface area, it is essential to ascertain the pore diameter 
and the distribution range of pore diameters, as part of the 
internal surface area may not be accessible if the pore diameters 
are too small. Porous materials are classified as microporous, 80 
mesoporous or macroporous when the pore diameters are less 
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than 2 nm, between 2 and 50 nm and greater than 50 nm, 
respectively13. The surface area, pore diameter and pore size 
distribution of the support are thus critical parameters in the 
characterisation of a porous support.  
 The surface area of a porous material is determined by 5 
ascertaining the volume of a monolayer of an inert gas (typically 
N2, He or Ar) adsorbed by the support, usually using the method  
described by Brunauer, Emmett and Teller14. The adsorption-
desorption isotherms obtained can be classified into six types, I – 
VI15. The shape of the isotherm can be used to provide details of 10 
the structure of the material being analysed. As well as the pore 
geometry of the material, the adsorption isotherm can be used to 
provide details of the internal pore diameter, pore size 
distribution and microporous and mesoporous pore volumes. Care 
needs to be taken when analysing the isotherm data as different 15 
methods of analysis can provide different results. The results 
obtained by porosimetry analysis can be confirmed using X-ray 
diffraction (XRD), provided that the sample is ordered, and by 
transmission electron microscopy (TEM). 
 The Barret-Joyner-Halenda method16 is widely used and is 20 
generally more suitable for less ordered materials. The method 
assumes that the pores are spherical and cylindrical in shape. The 
desorption branch of the isotherm is usually used as the 
adsorption branch can lead to overestimation of the pore 
diameter. An approach based on non-local density functional 25 
theory (NDLFT)17 has also been successfully used but is 
specifically designed for pure silicates and does not take into 
account surface functionalization of the silicate material. Analysis 
of the adsorption isotherm (Fig. 1) for the silicate, mesoporous 
cellular foam (MCF), will be used to illustrate the different 30 
results that can be obtained. 
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Fig. 1 Nitrogen adsorption isotherm of mesoporous cellular foam. 
 MCF is a mesoporous silicate material with ink bottle pores 
which contain spherical cells (body of the ink bottle) that are 45 
interconnected via narrower channels (neck of the ink bottle). 
Barret-Joyner-Halenda analysis of the adsorption and desorption 
isotherms yield average pore diameters of 29 and 22 nm, 
respectively. NLDFT17 analysis of the adsorption branch yields a 
pore diameter of 18.6 nm (it is not possible to use the desorption 50 
branch with this approach on this material). Clearly the two 
approaches yield different estimates of the pore diameter and 
illustrate that care needs to be taken in terms of ascertaining the 
correct value of the diameter of the pores. 
 Clarification of the pore diameter can be obtained using X-ray 55 
diffraction (XRD) and transmission electron microscopy (TEM).  
XRD can be used to examine the structure of a porous material. 
While many mesoporous materials do not possess long-range 
order, low-angle XRD can be used with materials containing 
ordered mesoporous channels to ascertain if the structure is 60 
hexagonal, cubic, lamellar or disordered. TEM can provide 
information on the size of pores and of the pore walls as well as 
the degree of short range and long range order of the material. 
Due to the amorphous nature of MCF, XRD does not provide any 
additional details of the structure. TEM analysis (Fig. 2) indicates 65 
that MCF consists of spherical cavities interconnected by large 
apertures with the diameter of the apertures being smaller than 
the diameters of the spheres. However, care needs to be taken 
with using TEM to determine the pore diameter as the accuracy 
of the method can be limited by the number of observations of 70 
pore channels made. In contrast, nitrogen adsorption analysis 
provides an estimate of the pore diameter of the complete sample. 
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Fig. 2 Transmission electron micrograph of mesoporous cellular foam 
showing the cells (A) and interconnecting channels (B).   
3. Porous Silicate Materials for Enzyme 
Immobilisation 
3.1 Controlled pore glass materials 90 
The first report on the immobilisation of enzymes on silicate 
materials were described by Weetall who immobilised a number 
of enzymes on controlled pore glass (CPG).18 The use of such 
materials eliminated some of the disadvantages of organic 
carriers that had been utilised previously. These include 95 
susceptibility to microbial attack, alterations in pore sizes under 
conditions of varying pH or solvent composition and variations in 
flow rate under the flow  conditions used in column reactors.  
 Controlled pore glass is prepared from borosilicate glass by 
acid extraction of the soluble borate component to produce a 100 
porous silicate material. Controlled pore glass has been used 
widely in the immobilisation of enzymes18. CPG of pore sizes 
ranging from 10 to 300 nm are commercially available.  CPG can 
be prepared with particle sizes of 100 m, a size suitable for use 
in packed bed reactors or columns,  Immobilisation of an enzyme 105 
generally occurs via covalent methods to prevent leaching of the 
enzyme. In general, the pore size of the CPG needs to be 
significantly larger than the biological molecule of interest. For 
instance, the activity of amyloglucosidase decreased when 
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immobilised on pores of diameter less than 30 nm18. The enzyme 
loading was a direct consequence of both the pore size of the 
CPG and its surface area, with maximal activity occurring with 
material possessing both an optimal pore size and an optimal 
surface area. With CPG, the requirements for  optimal pore 5 
diameter and of surface area run counter to each other as larger 
pore diameter materials can only be prepared by etching more 
glass, reducing the surface area. This is a major disadvantage of 
the material as a support for enzymes, as the surface area rapidly 
decreases with increasing pore size. For example, the surface area 10 
of CPG decreases from 300 to 9 m2/g when the pore diameter is 
increased from 10 to 300 nm. This restriction in the surface area 
reduces the viability of using CPG as supports for enzymes. 
 
3.2 Sol-gel materials 15 
The encapsulation of enzymes in sol gels has been widely 
utilised19. Sol-gels are formed via hydrolysis and condensation of 
a precursor species such as Si(OC2H5)4. Hydrolysis of Si-OC2H5 
in the presence of acid results in the formation of Si-O-Si species 
which can then undergo further reaction to from a three 20 
dimensional silicate network. Enzyme encapsulation occurs by 
placing the enzyme in the reaction mixture, where it becomes 
immobilised within the silicate framework. Enzyme 
immobilisation via this method has been widely used in the 
preparation of biosensors as the process enables the efficient 25 
encapsulation of the enzyme in a manner which can also protect 
the enzyme from harsh external conditions. After preparation, the 
sol-gel material can be broken into particles and used in columns. 
 Sol-gels suffer from the disadvantage of possessing a highly 
variable pore size distribution. In addition, the approach suffers 30 
from the fact that encapsulation of the enzyme can only occur 
under the reaction conditions used to prepare the sol-gel. Such 
conditions, for example the production of ethanol, may be 
detrimental to the activity of the enzyme. Of more concern is the 
fact that encapsulation introduces a diffusion barrier which can 35 
significantly reduce the rate of delivery of substrate to the 
enzyme and the rate of removal of the product. This limits the use 
of sol-gels in catalysis while being of advantage with sensors 
where the rate of diffusion of substrate is often preferred as the 
rate limiting step. Due to these limitations, the use of sol-gels as 40 
supports for biocatalysts is somewhat restricted.  
 
3.3 Mesoporous silicates 
Zeolites are among the most commercially important porous 
materials and are in widespread use in a range of industrially 45 
important processes13. They are of particular interest as shape 
selective catalysts where the internal spaces of the zeolites are of 
similar dimensions to the reactant and product molecules, with 
larger molecules unable to penetrate into the pores where 
catalysis occurs. While zeolites are of widespread use, they 50 
cannot be used as supports for enzymes as the largest pore 
diameters available (< 3nm) are too small to accommodate 
enzymes.    
 The synthesis of mesoporous silicates (MPS) was first 
described in 1971.20 Subsequent work21 led to a surge in interest 55 
in the development and use of these materials with a wide range 
of mesoporous silicates (MPS) now available. MPS possess 
ordered pore structures, narrow pore size distributions, large 
surface areas (~1000 m2g-1), high stability and can be chemically 
modified with various functional groups. MPS are formed using 60 
surfactants such as cetyl-trimethyl ammonium bromide in 
solution, which act as structure directing agents. Addition of a 
silane results in silica polymerisation around the surfactant 
micelle structures, forming a gel. This gel is set thermally, 
condensing the silane to form a stable material. Upon removal of 65 
the surfactant, a mesoporous structure remains.  
 The mechanism of formation of MPS will be illustrated using 
one mechanism, the liquid-crystal templating mechanism (Fig. 3). 
21. At concentrations above the critical micelle concentration, 
surfactant molecules cluster together to form micelles. At higher 70 
concentrations of surfactant and under the appropriate solution 
conditions (temperature, concentration of surfactant, the presence 
of co-solvents), liquid crystals form. Precise control of the 
reaction conditions is required. For example, the critical micelle 
concentration varies with temperature and small temperature 75 
variations can cause changes in the structure of the final product. 
The introduction of inorganic species such as alkoxy silicates 
may mediate the assembly of the liquid crystals. The liquid 
crystals serve as templates for the formation of MPS, with the 
structures formed on heating for extended periods of time. The 80 
surfactant is then subsequently removed by calcination or by 
solvent extraction.  
 
 85 
Fig. 3 Liquid-crystal templating mechanism of formation of mesoporous silicates. 
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 The size and connectivity of the pores is determined by the 
synthesis method and surfactant used, allowing channel diameters 
to be tailored between 3-30 nm, a pore size range similar to that 
of proteins, making MPS ideal for encapsulation applications22-24. 
MPS are transparent in the UV and visible regions of the 5 
spectrum, and possess good mechanical and thermal properties. 
They possess a number of additional attributes, which make them 
attractive candidates for the immobilisation of proteins. It is 
possible to chemically modify their surfaces with various 
functional groups, enabling electrostatic attraction or repulsion 10 
between an MPS and the biological molecule of interest to be 
optimised. As a result of their silicate inorganic framework, MPS 
are chemically and mechanically stable and are resistant to 
microbial attack. A particular advantage of MPS is that they can 
be used for protein adsorption after synthesis, thus avoiding any 15 
harsh conditions used in the synthesis of the material which may 
cause denaturation of the protein. 
 Different types of mesoporous materials25, 26 have been 
developed since their first discovery (Fig. 4). Typically the 
particle size of these materials is in the sub-micron to micron 20 
range. MCM type materials have average pore diameters of less 
than 4 nm and are not suited to the immobilisation of enzymes 
which have larger diameters. Santa Barbara Amorphous (SBA) 
materials27, with pore diameters of 8–10 nm, are much more 
suitable for enzyme immobilisation. SBA materials are prepared 25 
with non-ionic surfactants and the structures produced have 
thicker pore walls and greater hydrothermal stability than MCM 
materials. MCF is prepared using a nonionic triblock polymer 
with the addition of trimethylbenzene.  
 30 
Fig. 4 Some silicate precursors for the preparation of MPS.  
 
3.4 Functionalised Mesoporous Materials 
In addition to pure silicate materials, a wide range of 
functionalised MPS can be prepared 25, 26.Modification of silicates 35 
can be performed by the functionalization with a range of organic 
ligands25,26 or by the incorporation of metals28, 29. Functionalised 
MPS can be prepared via three methods; (i) post-synthetically, 
(ii)  directly, and (iii) by incorporation of bridged silesquioxanes. 
While the first and third methods overlap and can be described as 40 
one general method, they will be classified separately for the 
purposes of the discussion here. Functionalised MPS have the 
advantage of providing the opportunity of tailoring and 
optimising the surface of the support to efficiently immobilise the 
enzyme in a stable manner with retention of catalytic activity. 45 
 
3.4.1 Post-synthesis modification 
 Post-synthetic modification of MPS can be used to provide a 
wide range of functionalised surfaces. Modification of the surface 
is achieved by refluxing the MPS material with the appropriate 50 
alkoxysilane in a suitable dry solvent. Successful modification 
requires that the surface be sufficiently hydrated to enable 
condensation of the alkoxysilane without causing polymerisation 
of the silane in solution. Functional groups such as carboxylate, 
thiol and amine groups which are of interest for the 55 
immobilisation of proteins can be readily incorporated into 
mesoporous materials. The method enables the order and 
structure of the parent MPS to be retained while ensuring that the 
functional group is attached only to the surface of the material. A 
difficulty with this approach is that it is not possible to ensure that 60 
uniform coverage of the surface has been achieved. Neither is it 
possible to ensure that all of the functional groups are attached to 
the pore wall in the most stable manner. In addition, the process 
requires extra reaction steps. 
 65 
3.4.2 Direct Functionalisation 
Direct functionalisation entails the addition of a trialkoxysilane 
with a suitable functional group during the preparation process. In 
comparison to post-synthetic modification, this method enables  a 
homogenenous distribution of the functional group on the surface 70 
to be achieved24. The disadvantage of the approach is that the 
addition of the trialkoxysilane can alter the structure and order of 
the MPS product. It is also possible that the functional group 
becomes incorporated into the walls of the material and not at the 
surface of the MPS. At high concentrations of tetraethoxysilanes, 75 
phase separation of the silanes may occur24. Removal of the 
template can only be performed by extraction, which does not 
always ensure complete removal of the surfactant from the 
material. 
3.4.3 Incorporation of Bridged Silesquioxanes 80 
Periodic mesoporous organosilanes (PMOs) are prepared by the 
incorporation of bridged silsesquinoxanes, (R’O)3SiRSi(OR’)3. 
30 
Due to the method of formation, the organic functional groups are 
evenly distributed in the silica framework and do not protrude 
into the pore channels. A large range of PMOs have been 85 
described with pore diameters of up to 50 nm in size25, 26. Due to 
their thicker walls, PMOs have improved mechanical and 
hydrothermal stabilities in comparison to pure silica materials 
such as MCM-41. A significant advantage of PMO materials is 
the ability to tailor the surface of the material to match that of the 90 
enzyme under immobilisation in order to provide the optimal 
support for the enzyme.  
4. Immobilisation of Enzymes on Porous Silicate 
Materials 
4.1 Immobilisation of enzymes by adsorption 95 
As described in the introduction, the aim of immobilization of an 
enzyme is to confine the enzyme on a surface in a manner that 
does not significantly affect the catalytic activity of the enzyme 
while improving its stability and enabling recovery and reuse the 
enzyme. Adsorption of enzymes on to MPS supports is controlled 100 
by the pore dimensions, surface charge and composition of the 
support together with the size, surface charge distribution and 
hydrophilic/hydrophobic nature of the enzyme31. With MPS, the 
large internal surface area can provide a safe haven for the 
enzyme. Implicit in this use is that the pore diameter must be 105 
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sufficiently large to accommodate the enzyme. Once the pore has 
been accessed by the enzyme, the ideal scenario is to tailor the 
surface of the MPS to bind the enzyme in a stable manner, with 
the active site fully accessible and with no diminution of the 
catalytic activity. 5 
 If the size of the protein is smaller than that of the pore 
opening, the protein will have access to the large internal surface 
area and mesoporous volume of the mesoporous support. 
Otherwise, adsorption only on the external surface of the MPS 
can occur, negating the advantages of the pores. There have been 10 
conflicting reports on the relative sizes of the pores and enzymes, 
with suggestions that the pore sizes should match that of the 
protein32. However, in contrast, for use as catalytic supports, the 
pore diameters clearly have to be sufficiently large to 
accommodate the enzyme and to enable unrestricted diffusion of 15 
the substrate and product. A pore diameter larger than that of the 
enzyme is clearly necessary.  
 Until recently, entrance of the enzymes has only been inferred 
from comparison of the enzyme loadings on MPS with pores 
smaller than that of the enzyme to that on MPS with larger pore 20 
diameters. Adsorption on the external surface of MP can be up to 
ca. 10% of the total loading , e.g. the presence of 6-10 layers of 
cytochrome c on MPS was determined by ellipsometry33. 
Comparisons of XRD patterns and of pore volume before and 
after adsorption have been used to infer but not prove that the 25 
enzyme is present within the pores. Data on enhanced enzyme 
stability have been used to corroborate the presence of the 
enzyme within the pores34. Entry of proteins into the pores of 
MPS was observed in the digestion of proteins by trypsin 
adsorbed in a cyano-modified silicate35. Peptide cleavage of 30 
myoglobin and cytochrome c was far more rapid with 
immobilised trypsin in comparison to that in solution. This 
enhancement arose from confinement of the substrate within the 
pores. When trypsin was immobilised on MPS which was too 
small to accommodate the enzyme, no enhancement in the rate of 35 
proteolysis was observed. The advantage of using porous 
supports for immobilisation of enzymes was evident when 
digesting samples taken from liver biopsies when tryptic 
digestion was complete in 20 minutes versus the 12 hour time 
frame required for solution digestion.  40 
 Evidence for the encapsulation of an enzyme in the pores of 
MPS was obtained by using small-angle neutron scattering to 
show that cross-linked glucose oxidase and chloroperoxidase 
were present in the pores of the support.36 In an elegant 
experiment, Salis et al have provided direct experimental 45 
evidence of the presence of lysozyme within the pores.37 The 
method (Fig. 5) entails labelling an ultra-thin section of lysozyme 
loaded MPS with antibody to lysozyme. On binding of a gold 
conjugated secondary antibody, the presence of individual 
molecules of lysozyme within the pores (and on the external 50 
surface) could be directly observed.  
 The isoelectric point, the pH at which an enzyme bears no 
overall charge, has been used to ascertain if an enzyme will be 
adsorbed onto a surface. This approach implies that adsorption 
will occur (on a negatively charged surface) below the isoelectric 55 
point with minimal adsorption occurring above the isoelectric 
point. Higher loadings of protein can be expected at pH values 
near the pI of the protein where the molecule bears a close to 
neutral charge and any lateral repulsions between molecules is 
minimised. As the pH move away from the isoelectric point, 60 
lateral electrostatic repulsions between the protein molecules  
 
 
Fig. 5 (A) Schematic diagram of method labelling lysozyme adsorbed on 
MPS with gold conjugated antibodies and (B) TEM images of individual 65 
gold particles attached to lysozyme encapsulated in the pores of MPS. 
From Reference 35. 
become more dominant, reducing the loading. However 
consideration of the surface charge density and distribution of the 
enzyme are also necessary in order to ascertain if adsorption is 70 
likely to occur31. For example, cytochrome c and trypsin have 
isoelectric points of 9 and 10 respectively, yet their surface 
charge distributions are markedly different at a pH of 7 (Fig.6).24 
Matching the charge distribution of the protein with a “negative” 
imprint” on the surface can provide a means of ensuring strong 75 
adsorption of the enzyme. A more detailed matching involving 
the use of functional groups that can assist in adsorbing the 
enzyme while retaining its catalytic activity can provide a more 
stable and active biocatalyst.  As described above, MPS can be 
prepared with a wide range of functional groups. By examining 80 
the functional groups on the surface of the enzyme molecule, a 
suitable “counter-functional group” on the surface of the support 
could provide a strong interaction for immobilization. Functional 
groups can be used to tailor the surface properties of the MPS 
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support to alter the level of hydrophilicity/hydrophobicity. 
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Fig. 6 Comparison of the surface change of (A) cytochrome c and (B) 
trypsin at pH 7.0.  25 
 An example of tailoring the surface of MPS was observed with 
the immobilisation of catalytically active and stable 
chloroperoxidase. Previous work38 had shown that CPO could be 
adsorbed in a catalytically active manner on amino-propyl 
modified glass beads. A series of amino modified periodic 30 
mesoporous silicates was prepared by varying the composition 
ratio of the silica precursors39 (tetraethoxysilane and bis[3-
(trimethoxysilyl)propyl]amine) used. Materials  containing 0, 22, 
33, 40 and 100% of the amine derivative were prepared. Together 
with an MPS prepared by post functionalization, the materials 35 
were examined as supports for chloroperoxidase. The optimal 
support contained 40% amine, indicating that the loading of 
functional groups on the surface can play a significant role in 
determining the suitability of a support for a biocatalyst. 
Significantly, CPO immobilised on post-functionalised material 40 
was catalytically active but did not possess the stability of that of 
the PMO material. The lower stability of the enzyme on the 
grafted amino functionalised MPS is possibly a consequence of 
the preparation method as it is difficult to ensure that the MPS is 
functionalised in a uniform manner. Direct incorporation of the 45 
amine group can be achieved much more efficiently by using a 
mixture of silicate precursors. 
 While these results underline the importance of the presence of 
functional groups on the surface of the support (and on the 
enzyme) in the development of a functional biocatalyst, it is 50 
important to stress that the preparation of modified surfaces for 
the optimal immobilisation of enzymes is, of necessity, 
empirically based. While it is possible to design a screening 
protocol to choose an immobilisation support, it is not yet 
feasible to design a material ab initio.  55 
 For physisorbed enzymes the exact nature of the interactions 
between the enzyme and surface of the support cannot always be 
ascertained. Desorbents such as polyethyleneglycol and 
ammonium sulphate can be used to probe the extent of 
hydrophobic/hydrophilic or electrostatic interactions. Frequently, 60 
both types of interactions can play a role in the adsorption 
process.  
  
4.2 Covalent immobilisation of enzymes 
The major disadvantage associated with the process of 65 
physisorption is that the interactions between the enzyme and 
surface are generally relatively weak, with leaching of the 
enzyme occurring over time. Silanisation of MPS after adsorption 
of the enzyme can be used to reduce the external pore diameter, 
thus reducing the amount of leaching23, 24. However, such an 70 
approach is not usually practical as the silanisation process results 
in deactivation of the enzyme.  
 Covalent attachment of the enzyme to the surface can obviate 
the problem of leaching, increase the stability and enable reuse of 
the immobilised enzyme. Attachment can be achieved by using  75 
crosslinking agents such as glutaraldehyde and carbodiimide 
derivatives to covalently bind the enzyme to the surface of the 
support. Enzymes such as penicillin G acylase glucose oxidase, 
lipase, and trypsin, have been immobilized on MPS in this 
manner23, 24. This approach prevents leaching of the enzyme but 80 
suffers from the drawback that the conditions used combined 
with possible conformational changes to the enzyme can decrease 
the activity of the immobilised enzyme in comparison to that of 
the enzyme in solution.  
 The immobilisation methods described thus far are not specific 85 
in that they do not embody a targeted approach with 
immobilisation of the enzyme at a specific site. The enzyme is 
generally anchored to the surface through any one or more of a 
number of sites. Attachment at some of these sites can enable the 
enzyme to be fully catalytically efficient whereas at other sites, 90 
the catalytic activity of the enzyme may be completely destroyed. 
The ideal process of immobilisation of an enzyme should occur in 
a manner that does not perturb the structure of the enzyme nor 
hinder diffusion of the substrate and product to and from the 
active site. This type of targeted immobilisation can be achieved 95 
by using specific, focussed binding of the enzyme to the support. 
An example of this type of approach is the development of metal 
modified MPS surfaces which can specifically anchor the enzyme 
via the introduction of a histidine tag on the enzyme. 
 Metal modified materials, primarily Ni and Co, are used 100 
extensively to specifically anchor enzymes to surfaces, primarily 
as a facile means of purification by relying on the anchor to bind 
to a six histidine group on the protein40. Proteins without the tag 
do not bind to the surface, making the approach a general and 
facile means of purifying proteins. The immobilised protein is 105 
then removed from the support on the addition of excess 
imidazole which competes with the His-tagged protein for the 
binding sites on the surface of the support. The preparation of a 
His-tagged protein on a Ni functionalised MPS was demonstrated 
using a protease inhibitor (Spi) from Streptococcus pyogenes 110 
(Fig.7).41 The His6-tagged form of Spi bears a low overall charge 
ensuring  
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Fig. 7 Schematic diagram from the immobilisation of a His-tagged enzyme on metal modified MPS. 
that electrostatic interactions between the protein and support are 
not very strong. Control experiments demonstrated that the 
protein adsorbed to the surface via by drophobic interactions. 5 
Such interactions also occurred with the His-tagged protein, 
demonstrating that non-specific interactions occurred readily. 
Targeted direct immobilisation occurred only when these 
hydrophobic interactions were suppressed by the addition of 
polyethylene glycol. Using similar approaches the immobilisation 10 
of His-tagged alanine racemase and His-tagged Candida 
antarctica lipase B on Ni-modified MPS has been achieved.  
5. Biocatalysis 
Much of the work on ascertaining the catalytic activity of 
enzymes immobilised on MPS has focussed on characterisation 15 
studies utilising standardised activity tests to ascertain the 
catalytic activity of the adsorbed enzyme. Such studies provide 
useful information on the properties of the immobilised enzyme 
in terms of activity, stability and degree of leaching of the 
enzyme from the surface. However, these studies have limited 20 
utility in the development of practical bioreactors23. 
 Lipases are one of the most frequently used examples of 
enzymes immobilised on MPS23, 24. They are hydrolyases and are 
of use for applications such as the resolution of enantiomers and 
in esterification reactions. Lipases have been immobilised on 25 
materials such as MCF and SBA-15. As described previously23, 
no enhancement in the enantiomeric excess is achieved on 
immobilisation as would be expected. However, improvements in 
the activity and stability of the immobilised enzyme have been 
observed23.  30 
 A particular target of biocatalysis7 is the development of 
cascade reactions where a sequence of two or more enzymes are 
immobilised together where the product of one enzyme becomes 
the substrate of the next enzyme in the sequence. The co-
immobilisation of redox enzymes is of particular use in such 35 
applications as it can enable supply of the oxidant, typically 
peroxide, at a controlled rate. The oxidant is usually added to a 
batch reactor and when done so at high concentrations can result 
in the rapid deactivation of the enzyme. The use of peroxidase 
enzymes entails the controlled addition of H2O2 at low 40 
concentrations, a requirement that represents a barrier to the use 
of such systems in bioreactors due to the denaturing effects of 
H2O2. The need for exogeneous addition of peroxide was 
achieved by co-immobilising CPO with glucose oxidase for the 
oxidation of indole to 2-oxindole (Fig. 8)42. The in-situ 45 
generation of hydrogen peroxide by glucose oxidase enabled the 
supply of the oxidant in a controlled manner, suppressing the 
peroxide induced deactivation of CPO. A tandem reactor for the 
efficient oxidation of 2-oxoindole to 2-indoline was developed 
(Figure 8). The advantage of this approach is that each enzyme 50 
can be immobilised separately and the reactor then assembled by 
simply mixing the two silicate materials.  
 
Fig. 8 The oxidation of indole to 2-indoline catalysed by chloroperoxid-
ase using H2O2 generated by the glucose oxidase catalysed oxidation of 55 
glucose to gluconolactone. Both enzymes were immobilised on SBA-15 
 The reactions described in this section and in previous reviews 
are generally of the batch reactor type. However such a 
processing step is not ideal, in particular for use by the 
pharmaceutical sector where the development of flow reactors is 60 
of interest. The difficulty of using MPS materials is that the 
particle size (typically micron or lower) is too small, with any 
reactors requiring high pressure pumps, the use of which is 
prohibitively expensive on a large scale. For example. a batch 
reactor for the trypsin catalysed transesterification of N-acetyl-L-65 
tyrosine ethyl ester to N-acetyl-L-tyrosine propyl ester was 
described based on trypsin immobilised MPS (Fig. 9). However 
the high pressures required limit the practical application of such 
reactors.  The large scale development of bioreactors utilising 
MPS as supports requires materials which do not require high 70 
pump pressures. Recent work on the development of silica 
materials has demonstrated the feasibility of this approach. 
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Fig. 9 The transesterification of N-acetyl-L-tyrosine ethyl ester to N-
acetyl-L-tyrosine propyl ester catalysed by trypsin immobilised MPS .  
Silica Monoliths 
 The preparation of column materials have included the 5 
development of porous silica monoliths which are comprised of a 
single piece of porous material. Such materials  contain micron 
size pores that significantly reduce the back pressures associated 
with columns comprised of silica particles resulting in high flow 
rates..  10 
 The monoliths are typically prepared via a sol-gel process by 
hydrolysis of silicon alkoxide precursors in the presence of a 
polymer such as polyethylene oxide acid in an acidic medium.43 
Controlled phase separation leads to silica-rich and water-rich 
regions of the structure. Removal of the aqueous phase gives rise 15 
to the macroporous structure of the monolith with pore diameters 
of 1 – 50 m. The mesoporous component of the monolith is then 
created by treatment with base and results in materials with high 
surface areas of up to 800 m2g-1.   
 The development of bioreactors based on the immobilisation 20 
of enzymes such as penicillin G acylase, lipase and invertase44 
have been described demonstrating the advantage of these 
materials in flow reactors45. For example, an invertase bioreactor 
based on a silica monolith has been described which can convert 
88% of substrate to product at a flow rate of 1.8 ml/min with 25 
excellent stability over a period of months.  
 Due to the method of preparation, modification of the surfaces 
of the monoliths to prepare functionalised materials can only be 
achieved by direct functionalization methods. The tailoring of 
surface functionality that can be achieved with periodic 30 
mesorporous organic materials is thus not possible. Leaching of 
enzymes from the surface of the monoliths is prevented by cross-
linking of the enzyme with a cross-linking agent such as 
glutaraldehyde. 
Conclusions 35 
Mesoporous silicates are attractive materials for use as supports 
for the immobilisation of enzymes. The synthesis of the MPS is 
relatively straight forward and produces materials with well-
defined and ordered pore structures, high surface areas and good 
mechanical and chemical stability. Functionalisation of the 40 
surface of MPS can be utilised to produce a material that can be 
tailored to suit the immobilisation of a particular enzyme. The 
porous structure of MPS can provide a very stable environment 
for enzymes, with substantial increases in stability versus that 
observed for the enzyme in solution. This stability can be 45 
obtained in the absence of significant losses in catalytic activity. 
However the rational design of MPS for the optimal 
immobilisation of a specific enzyme is not feasible (nor is it 
possible yet with other supports). While MPS have many 
advantages as supports for the immobilisation of enzymes, these 50 
advantages have not been translated into the large scale 
biocatalytic reactors. This arises primarily from the size (typically 
sub-micron to micron) of the MPS particles which renders them 
unsuitable for use in flow reactors, restricting their use to batch 
reactors. Recent progress has been achieved in the preparation of 55 
silica monolith materials which can be used in flow reactors. 
However, the ability to prepare functionalised forms of silica 
monoliths is still somewhat limited. Extending the range of 
functional groups would significantly expand the range of 
enzyme reactors that could be prepared and would open the 60 
possibility of preparing large scale bioreactors based on 
mesoporous silicate materials.  
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